We have constructed a sample of radio-loud and radio-quiet quasars from the Faint Images Radio Sky at Twenty-one centimetres (FIRST) and the Sloan Digital Sky Survey Data Release 7 (SDSS DR7), over the H-ATLAS Phase 1 Area (9 h , 12 h and 14.5 h ). Using a stacking analysis we find a significant correlation between the far-infrared luminosity and 1.4-GHz luminosity for radio-loud quasars. Partial correlation analysis confirms the intrinsic correlation after removing the redshift contribution while for radio-quiet quasars no partial correlation is found. Using a single-temperature grey-body model we find a general trend of lower dust temperatures in the case of radio-loud quasars comparing to radio-quiet quasars. Also, radio-loud quasars are found to have almost constant mean values of dust mass along redshift and optical luminosity bins. In addition, we find that radio-loud quasars at lower optical luminosities tend to have on average higher FIR and 250-µm luminosity with respect to radio-quiet quasars with the same optical luminosites. Even if we use a two-temperature grey-body model to describe the FIR data, the FIR luminosity excess remains at lower optical luminosities. These results suggest that powerful radio jets are associated with star formation especially at lower accretion rates.
Although AGN activity and star formation in galaxies do appear to have a common triggering mechanism, recent studies do not find strong evidence that the presence of AGN affects the star-formation process in the host galaxy (e.g. Bongiorno et al. 2012; Feltre et al. 2013) .
Theoretical models suggest that these possible correlations arise through feedback processes between the galaxy and its accreting black hole. Such regulation has been shown to be important in large cosmological simulations (e.g. Di Springel et al. 2005; Croton et al. 2006) . In general these can take two forms, AGN-winds (often referrred to as quasar-mode) which comprise wide-angle, sub-relativistic outflows and tend to be driven by the radiative output of the AGN, and jets (often referred to as radio-mode), which are relativistic outflows with narrow opening angles that are launched directly from the accretion flow itself. In the case of quasar-mode the objects are accreting rapidly, at near their Eddington rate and their radiation can couple to the gas and dust in the interstellar medium, driving winds that may shut down further accretion onto the black hole or even drive material out of the galaxy, thereby quenching star formation (e.g. Di . Although there is no compelling evidence for AGN feedback quenching star formation, there is mounting evidence for quasar-driven outflows (e.g. Maiolino et al. 2012) .However recent surveys find little evidence that X-ray luminous AGN quench star formation (Harrison et al. 2012 cf. Page et al. 2012 . Similarly, the radio-mode and the role of radio-loud AGN and their jets in the evolution of galaxies has been studied intensively suggesting that jets can have positive as well as negative feedback on starformation rates with the observational consensus being mixed. Certainly, some studies advocate that radio-jets effectively suppress or even quench star formation (e.g. Best et al. 2005; Croton et al. 2006; Best & Heckman 2012; Karouzos et al. 2013; Chen et al. 2013 ) by warming-up and ionizing the interstellar medium (ISM) which leads to less efficient star formation, or through direct expulsion of the molecular gas from the galaxy, effectively removing the ingredient for stars to form (e.g. Nesvadba et al. 2006 Nesvadba et al. , 2011 . On the other hand, positive feedback can enhance star formation which could be explained by shocks driven by the radio-jets in the ISM that compress it and eventually lead to enhanced starformation efficiency (e.g. Silk & Nusser 2010; Kalfountzou et al. 2012; Gaibler et al. 2012; Best & Heckman 2012) .
It is therefore apparent, that although some form of feedback is needed to explain the observational results supporting co-evolution of central spheroids and their galaxies, much still remains unclear. Radio-loud and radio-quiet quasars provide ideal candidates for the study of star formation in powerful AGN under the presence of jets or otherwise. Indeed, optically selected radio-loud quasars are found to have enhanced star formation at lower luminosities using optical spectral feature as a diagnostic (Kalfountzou et al. 2012) . The latter result raises the question of why such an effect is not seen at high radio power and/or AGN activity which could be explained under the assumption of a dominant mechanical feedback at low Eddington luminosities, in which case this would plausibly be the major source of positive feedback.
However, spectral diagnostics are not immune to AGN contamination and optical diagnostics, in particular, are susceptible to the effects of reddening. Indeed, the measurement of the starformation activity in the host galaxy is difficult, mainly due to contamination by the AGN. Many studies have attempted to determine the star-formation activity in quasar host galaxies using optical colours (e.g. Sánchez et al. 2004) or spectroscopy (e.g. Trichas et al. 2010 ; Kalfountzou et al. 2011; Trichas et al. 2012 ).
or X-ray selection (e.g. Comastri et al. 2003; Treister et al. 2011 ). In addition, AGN emission can outshine both the ultra-violet (UV) and optical emission from young stars. By contrast, the far-infrared (FIR) emission is shown to be dominated by emission from dust in the host galaxy, except in the most extreme cases (e.g. Netzer et al. 2007; Mullaney et al. 2011) , and to be a proxy of its star formation activity that is largely uncontaminated by the AGN (e.g. Haas et al. 2003; Hatziminaoglou et al. 2010 ).
Radio-loud and radio-quiet quasars
A property of quasars is the existence of radio-loud and radio-quiet populations. One of the more controversial topics in studies of these objects is whether these radio-loud and radio-quiet quasars form two physically distinct populations of objects. Radio-loud quasars are often defined to be the subset of quasars with a radioloudness satisfying Ri > 10, where Ri = L(5GHz)/L(4000Å) (Kellermann et al. 1989 ) is the ratio of monochromatic luminosities measured at (rest frame) 5 GHz and 4000Å. Radio-quiet quasars must minimally satisfy Ri 10. However, even radio-quiet quasars quasars can be detected as radio sources (Kellermann et al. 1989 ). This has led to two opposing views of the radio-loudness distribution which have long been debated. The first is that the radio-loudness distribution is bimodal (e.g. Kellermann et al. 1989; Miller et al. 1990; Ivezić et al. 2002) . The other is that the distribution is continuous with no clear dividing line (e.g. Cirasuolo et al. 2003; La Franca et al. 2010; Singal et al. 2011 Singal et al. , 2013 Bonchi et al. 2013) . Typically, optically selected radio-loud quasars are only a small fraction, ∼10-20 per cent, of all quasars (e.g. Ivezić et al. 2002 but see also Richards et al. 2006 with a small radio-loud fraction of 3 per cent), with this fraction possibly varying with both optical luminosity and redshift (Jiang et al. 2007 ). In contrast, X-ray selected samples show lower fractions of radio-loud AGN < 5 per cent (e.g. Donley et al. 2007; La Franca et al. 2010) . However, many low-power radio sources in these samples might be star formation-driven (e.g. Massardi et al. 2010) . X-ray selections overall probe much higher (or complete) portions of the AGN populations than optical ones. This may affect the comparison of same subsamples (i.e., radio-loud) selected with different methods. Radio-loud quasars usually reside in very massive galaxies and have typically a lower optical or X-ray output at given stellar mass (i.e. lower L/L Edd at given L Edd , Sikora et al. 2007 ) compared to radio-quiet quasars. This means that an LX -limited sample will have a lower radio-loud quasars fraction, compared to a masslimited sample. However, in the case of a strictly limited selection of X-ray-Type I AGN, then possibly the subsamples of radio-loud AGN might end up being more comparable to optical ones.
While a definitive physical explanation of this dichotomy remains elusive, a large number of models have been put forward to explain it. Both types of quasars are likely powered by similar physical mechanisms (e.g. Urry & Padovani 1995; Shankar et al. 2010) , but their radio loudness has been shown to be anti-correlated with accretion rate onto their central supermassive black holes (e.g. Fernandes et al. 2011) . Additionally, it has been demonstrated that, relative to radio-quiet quasars, radio-loud quasars are likely to reside in more massive host galaxies (Kukula et al. 2001; Sikora et al. 2007 ). However, Dunlop et al. (2003) found that spheroidal hosts become more prevalent with increasing nuclear luminosity such that, for nuclear luminosities MV < −23.5, the hosts of both radioloud and radio-quiet AGN are virtually all massive ellipticals.
Along with the idea of different host galaxies it has been found that radio-loud quasars require more massive central black holes than radio-quiet quasars (e.g. Dunlop et al. 2003; McLure & Jarvis 2004 ; see also Shankar et al. 2010 , who finds this to be redshift dependent) and it has also been suggested that radio-loud quasars host more rapidly spinning black holes than radio-quiet quasars (e.g. Blandford & Znajek 1977; Punsly & Coroniti 1990; Wilson & Colbert 1995; Sikora et al. 2007; Fernandes et al. 2011 ; but see also Garofalo et al. 2010) . The low radio-loud fraction also suggests a change in jet occurrence rates among active supermassive black holes at low luminosities. This could be linked to changes in the Eddington fraction, evolutionary state of the black hole, or the host galaxy mass, evolutionary state, or environment.Recently, Falder et al. (2010) showed that radio-loud AGN appear to be found in denser environments than their radio-quiet counterparts at z ∼ 1, in contrast with previous studies at lower redshifts (e.g. . However the differences are not large and may be partly explained by an enhancement in the radio emission due to the confinement of the radio jet in a dense environment (e.g. Barthel & Arnaud 1996) .
If the radio-loudness is due to the physics of the central engine and how it is fueled, and the environment plays a relatively minor role, the quasar properties may be connected with the star formation in their host galaxies (e.g. Herbert et al. 2010; Hardcastle et al. 2013) . On the one hand, AGN feedback could be stronger in the case of the radio-loud quasars due to their higher black hole masses and therefore potentially stronger radiation field, reducing the starformation rate compared to radio-quiet quasars; on the other hand radio jets could increase the star-formation activity by compressing the intergalactic medium (e.g. Croft et al. 2006; Silk & Nusser 2010 ).
This work
With the Herschel Space Observatory (Pilbratt et al. 2010) we are able to measure the FIR emission of AGN host galaxies and hence the cool-dust emission. Herschel offers an ideal way of measuring the instantaneous star-formation rate (SFR) of AGN (e.g. Bonfield et al. 2011) . Until Herschel, hot dust emission has typically been determined from Spitzer data at near/mid-infrared wavelengths, but emission from the torus can also contribute at these bands, especially in the case of quasars. With Herschel we are able to determine the level of cool dust emission in AGN, providing a detailed picture of how the full SEDs of AGN change as a function of luminosity, radio-loudness and redshift. Under these circumstances, Herschel provides a good tool to study the star formation and AGN activity in a special type of AGN: quasars. We are also able to study the star formation in different types of quasars (e.g. radio-loud and radio-quiet quasars) and thus to say how it might be affected by the presence of powerful radio jets.
The paper is structured as follows. In section 2 we discuss the selection of the sample and the observations we have used. In section 3 we describe the statistical methods and the models we have used in order to estimate the FIR parameters (e.g. FIR luminosity, dust temperature, dust mass) of our sample. Here we also present the results of the comparison of the FIR parameters between the radio-loud and radio-quiet quasars. Finally, in sections 4 and 5, we explore the general conclusions that can be drawn from our results.
Throughout the paper we use a cosmology with H0 = 70 km s −1 Mpc −1 , Ωm = 0.3 and ΩΛ = 0.7.
SAMPLE DEFINITION AND MEASUREMENTS

The data
In this section we describe the data used throughout this paper.
(i) Radio source catalogues and images from the Faint Images of the Radio Sky at Twenty-one centimetres (FIRST; Becker et al. 1995) survey and NRAO NLA Sky Survey (NVSS; Condon et al. 1998 ). Both cover the entire H-ATLAS (Eales et al. 2010 ) Phase 1 area. To check the possibility of non-thermal contamination in the Herschel bands, we also cross matched our sample with the Giant Metrewave Radio Telescope (GMRT) catalogue of Mauch et al. (2013) , who have imaged the majority of the Phase 1 area at 325 MHz, in order to estimate the radio spectral index for the radio-loud sample.
(ii) Point spread function (PSF) convolved, background subtracted images of the H-ATLAS Phase 1 fields at wavelengths of 100, 160, 250, 350 and 500 µm, provided by the Photodetector Array Camera & Spectrometer (PACS; Poglitsch et al. 2010) o for the 12 h field). The construction of these maps is described in detail by Pascale et al. (2011) for SPIRE. From these maps, a catalogue of the FIR sources was generated (Rigby et al. 2011b) 1 , which includes any source detected at 5σ or better at any SPIRE wavelength. PACS fluxes were derived using apertures placed on the maps (Ibar et al. 2010) at the locations of the 250 µm positions. The 5σ point source flux limits are 132, 121, 30.4, 36.9 and 40.8 mJy, with beam sizes ranging from 9 to 35 arcsec FWHM in the 100, 160, 250, 350 and 500 µm bands, respectively.
(iii) Redshift and optical magnitudes from the Sloan Digital Sky Survey Data Release 7 (SDSS DR7) Quasar Catalogue (Schneider et al. 2010 ) which provides the most reliable classification and redshift of SDSS quasars with absolute i ′ −band magnitudes brighter than -22.
We constructed a sample of radio-detected quasars in the FIRST field with optical magnitudes and redshifts from SDSS DR7. A matching radius r 5 arcsec is used to identify the compact radio sources while a larger radius of 30 arcsec is used for extended sources. With this method we found 144 quasars with matching radius less than 5 ′′ and 3 extended quasars. In order to check that the radio maps from the FIRST survey do not miss a significant fraction of extended emission around the quasars, we also cross-correlate the optical positions with NVSS. For the undetected quasars in FIRST we used a stacking analysis to estimate their flux densities following White et al. (2007) , where they quantified the systematic effects associated with stacking FIRST images and examined the radio properties of quasars from the SDSS by median-stacking radio maps centered on optical position of these quasars. More details of the cross-matching, the stacking analysis and the radio-loudness parameter are described by Kalfountzou et al. (2012) .
A total of 1,618 quasars (141 radio-loud and 1,477 radioquiet quasars) are found in the H-ATLAS Phase 1 field based on their optical positions. For this sample, we have investigated how many quasars are significantly detected in the H-ATLAS catalogue at the 5σ level. Cross-matching with the H-ATLAS Phase 1 Catalogue applying a likelihood ratio technique (Smith et al. 2011) yielded 146 (∼ 9 per cent) counterparts with a reliability R > 0.8. Among the 146 counterparts 9 are radio-loud quasars (∼ 7 per cent of the radio-loud population). A similar percentage was found by Bonfield et al. (2011) . Comparing the detected samples of radioloud and radio-quiet quasars by applying a K-S test gives a null hypothesis of p = 0.07, p = 0.11, p = 0.08, p = 0.11 and p = 0.14 for 100, 160 µm PACS and 250, 350 and 500 µm SPIRE bands.
Since the radio-loud sample includes sources with high radio flux density we also investigated the possibility of synchrotron contamination, which is not associated with star formation, to the FIR flux densities. The method we are using to estimate the synchrotron contamination is described in Appendix A. We have found that out of the 141 objects in our radio-loud quasar sample, 21 radio-loud quasars have significant non-thermal contamination in their FIR emission. These objects have been removed from our sample. We have also found that 27 sources are possible candidates for strong contamination using an upper limit for their radio spectral index. These sources have been also removed from the sample.
We then compare the distribution in z and Lopt of radio-loud and radio-quiet quasars and force the two subsamples to have the same Lopt and z distribution by randomly removing radio-quiet quasars from our parent sample. Running a K-S test on these samples we find the distribution of the two populations in the optical luminosity -redshift plane is similar. A Kolmogorov-Smirnov test (K-S test) applied to the optical luminosity gives a result that corresponds to a probability, p = 0.69 under the null hypothesis (i.e. they are statistically indistinguishable) while the K-S test to the redshift gives p = 0.75. A 2-d K-S test on the redshift and optical luminosity for both samples returns p = 0.58. We can therefore assume the populations are matched in optical luminosity and z. This process provides a radio-optical catalogue of quasars with spectroscopic redshift up to z ∼ 5. Fig. 1 shows the optical luminosityredshift and the radio luminosity -redshift plots for the final sample of 93 radio-loud and 1,007 radio-quiet quasars. We have randomly removed 470 radio-quiet quasars from our original sample in order to match the two populations into z and Lopt.
The optical luminosity was measured using the i-band magnitude since redder passbands measure flux from the part of the spectrum relatively insensitive to recent star formation and also suffer less dust extinction. Since the i-band luminosity itself is expected to correlate with the AGN luminosity and is less sensitive to recent star-formation activity we use the optical luminosity as an AGN tracer. The rest-frame 1.4-GHz radio luminosities of the quasars were calculated from the FIRST 1.4-GHz flux density and the spectroscopic redshift, assuming a power law of Sν ∝ ν −α . The spectral index was measured using the FIRST and GMRT data. For the sources undetected by GMRT either a spectral slope of α = 0.71 was used or the estimated spectral index using the nominal 5 mJy limit of the GMRT data (see Appendix).
Herschel flux measurements and stacked fluxes
Due to the limited sample of SPIRE-detected quasars, especially the radio-loud quasars, we directly measure the FIR flux densities from the PSF-convolved images for all three H-ATLAS fields rather than just use the 5σ catalogues. For each of the quasars found inside the H-ATLAS Phase 1 field we derive the FIR flux densities in the two PACS and the three SPIRE bands directly from the background-subtracted, PSF-convolved H-ATLAS images. We take the flux density to be the value in the image at the pixel closest to the optical position of our targets. The errors are estimated from the centroid of the corresponding noise map including the confusion noise. In addition, the current H-ATLAS catalogue recommends including calibration errors of 10 per cent of the estimated flux for the PACS bands and 7 per cent for the SPIRE bands. The flux densities are background subtracted using a mean background value for each band. The mean background is estimated from 100,000 randomly selected pixels within the three H-ATLAS blank fields.
To establish whether sources in the bins were significantly detected, we compared the flux measurements with the background flux distribution from 100,000 randomly selected position in the fields, following Hardcastle et al. (2010) . Using a K-S test, we can examine whether the flux densities are statistically distinguishable from those taken from randomly chosen positions, as a K-S test is not influenced by the non-Gaussian nature of the noise as a result of confusion. We found a distinguishable difference in all bands with K-S probability lower than 10 −5 . The mean background flux densities are 0.06 ± 0.01, 0.10 ± 0.02, 1.12 ± 0.03, 2.91 ± 0.04 and 0.51 ± 0.03 mJy at 100, 160, 250,350 and 500µm, respectively.
We have separated the samples in bins corresponding to redshift, radio luminosity and optical luminosity to investigate whether the far-infrared fluxes vary with those parameters. Within each bin we have estimated the weighted mean of the FIR backgroundsubtracted flux densities in each Herschel band. The mean values for each band are shown in Table 1 . The errors have been determined by bootstrapping. The bootstrapped errors are determined by randomly selecting galaxies from within each bin and determining the median for this subsample. The K-S test results for the two populations and the Mann-Whitney (M-W) test results are also presented in Table 2 . We find that there is no statistical difference between the FIR flux densities of radio-loud and radio-quiet quasars as a whole. However, separating the two populations into redshift and optical luminosity bins we find different results. With this division, we can see that at lower redshifts and/or lower optical luminosities the mean 350 µm and 500 µm flux densities for the radioloud objects are significantly higher than for the radio-quiet ones at greater than the 3σ level.
Luminosity calculation
To convert between measured FIR flux density at Herschel wavelengths and total luminosity in the FIR band and to derive the dust temperature, we have to adopt a model for the FIR spectral energy distribution (SED). We use a single temperature greybody fitting function (Hildebrand 1983) in which the thermal dust spectrum is approximated by: Fν = ΩQνBν (T ), where Bν is the Planck function, Ω is the solid angle, Qν = Q0(ν/ν0) β is the dust emissivity (with 1 β 2) and T is the effective dust temperature. Since T and β are degenerate for sparsely sampled SEDs, following Dye et al. (2010) we have fixed the dust emissivity index to β = 2.0 and varied the temperature over the range 10 < T (K) < 60. The selection of the β parameter has been made based on the χ 2 value. Using a β = 2.0 instead of e.g. 1.5, the best-fitting model returns lower χ 2 values for both of the populations. For each source we estimated the integrated FIR luminosity (8 -1000 µm) using the grey-body fitting with the best fit temperature. The dust temperature was obtained from the best fit model derived from minimization of the χ 2 values. The uncertainty in the measurement was obtained by mapping the ∆χ 2 error ellipse. In addition to the integrated FIR luminosity we calculate the monochromatic FIR-luminosity at 250 µm, where the temperatureluminosity relation affects only the k-correction parameter, which is far less sensitive than the integrated FIR to the dust temperature (e.g. Jarvis et al. 2010; Hardcastle et al. 2013; Virdee et al. 2013 ).
FAR-INFRARED PROPERTIES
In order to estimate the FIR properties of our samples based on the isothermal grey-body model, we use Levenberg-Marquardt χ 2 minimization to find the best-fitting temperature and normalization value for the grey-body model. The errors on the parameters were determined by mapping the ∆χ 2 = 2.3 error ellipse, which corresponds to the 1σ error for 2 parameters of freedom. For every source in our sample, we calculate the integrated FIR luminosity (8 − 1000 µm), the monochromatic luminosity at 250 µm and the isothermal dust mass using the 250-µm luminosity. The mass derived on the assumption of a single temperature for the dust, is given by:
where κ250 is the dust mass absorption coefficient, which Dunne et al. (2011) take to be 0.89 m 2 kg −1 and B(ν, T ) is the Planck function. K-corrections have been applied 2 .
Stacking
The majority of our sources are undetected at the 5σ limit of the Phase 1 catalogue so, in order to calculate their properties we use two different stacking methods and we compare the results. The first method is based on a weighted stacking analysis which follows the method of Hardcastle et al. (2010) . We determine the luminosity for each source from the background-subtracted flux density, even if negative, on the grounds that this is the maximum-likelihood estimator of the true luminosity, and take the weighted mean of the parameter we are interested in within each bin. We use the same redshift and optical luminosity bins across the radio-loud and radioquiet samples in order to facilitate comparisons. The luminosity is weighted using the errors calculated from ∆χ 2 = 2.3 and the errors on the stacked parameters are determined using the bootstrap method. The advantage of bootstrapping is that no assumption is made on the shape of the luminosity distribution. Tables 3 and 4 show the weighted mean values of the estimated parameter within each bin for both populations and the K-S/M-W test probabilities of the individual measurements comparing the radio-loud and radioquiet quasars in the same bins.
Using the weighted stacking analysis might bias our measurement to the brightest and hottest objects. In order to ensure that the FIR parameters from the weighted stacking method are reliable, we calculate, as an alternative, the mean temperatures for objects using the Maximum Likelihood Temperature method (e.g. Hardcastle et al. 2013) . As in the previous sections, we split the radio-loud and radio-quiet quasars into bins defined by their redshift, optical luminosity and radio luminosity. For each bin, we calculate the best fit temperature that gives the best χ 2 fit to the observed fluxes of every quasar in the bin. In order to do this, we cycle through temperatures between 5 -60 K allowing each quasar to vary and have a free normalization. For each temperature step, we calculate the total χ 2 . This result is a distribution from which we determine the temperature with the lowest total χ 2 . Errors in this fitted temperature are estimated by finding the range that gives ∆χ 2 = 1. Using the best-fitting temperature and normalizations for all the galaxies, we estimate the FIR luminosity, the 250-µm luminosity and the dust mass for each bin. The errors for each parameter are determined by bootstrapping. The results of this method are shown in Table 5 . The advantages of this method are that all the sources in a given bin are used in the temperature estimation 2 The K-correction is given by:
, where ν obs is the observe frequency at 250µm, ν obs(1+z) is the rest-frame frequency and T iso and β are the temperature and emissivity index. RQQs 37.3 − 38.5 301 5.9 ± 0.5 9.0 ± 0.6 19.1 ± 0.9 19.6 ± 0.6 12.6 ± 0.6 38.5 − 39.0 400 5.1 ± 0.5 8.2 ± 0.8 18.7 ± 1.2 20.6 ± 0.8 13.5 ± 0.6 39.0 − 40.3 306 5.0 ± 0.4 9.5 ± 0.7 21.7 ± 1.1 22.9 ± 0.8 16.1 ± 0.7 Table 2 . The K-S (left column) and M-W (right column) probabilities of radio-loud quasars flux densities being indistinguishable from radio-quiet quasars in redshift and optical luminosity bins at 100, 160, 250, 350 and 500 µm, respectively. and the luminosities of the sources in bins are not automatically correlated. However, there are bins where the estimated mean temperature is significantly different from the individual temperature of each source, which could result in underestimation (or overestimation) of luminosities and dust masses.
In general terms, the two methods are in good agreement with some exceptions in the case of 'sensitive' parameters related to temperature. Specifically, it seems that we get larger differences in bins where the objects span a greater range in temperature. In these cases, the weighted mean method is dominated by the hotter objects returning higher luminosities. Despite the differences in temperature between the methods, we see that the monochromatic luminosities are broadly consistent in both methods implying that the temperature-luminosity correlation does not have a significant effect on the inferred monochromatic luminosities. In contrast, FIR luminosity and dust masses seem to be affected when hot objects are present. Despite the differences we get in some cases, both methods show that radio-loud quasars have systematically lower dust temperature than radio-quiet quasars. Regarding their luminosities, and especially the 250-µm luminosity which seems to be a safer choice as it is less affected by temperature, they tend to be comparable for most of the bins but not at lower optical luminosities (and/or redshifts) where an excess in the case of radio-loud quasars is found.
In order to study the FIR properties (e.g. FIR luminosity, dust temperature, dust mass) for the two populations as a function of Table 3 . Estimated weighted-mean far-infrared properties using a single-component grey-body fitting, K-S and M-W probabilities that the estimations for the radio-loud quasars in redshift, radio luminosity and optical luminosity bins are drawn from the same population as radio-quiet quasars, as a function of quasars class and parameter. Table 4 . The K-S and M-W probabilities that the estimations for the radio-loud quasars in redshift, radio luminosity and optical luminosity bins are drawn from the same population as radio-quiet quasars. redshift and optical luminosity we present in Fig. 2 the mean dust temperature as a function of the mean FIR luminosity. The two populations have been divided into redshift (left) and optical luminosity (right) bins which are represented by a rainbow colour-code with purple colour for lower and red colour for higher values. For each bin the weighted mean and the ML mean values are presented.
FIR luminosity
With respect to the redshift bins (see Fig. 2 left) , the two populations have the same mean FIR luminosities within their errors for each bin. The largest difference between the mean FIR luminosities of the two populations is observed at the highest redshift bin (z > 2.0; red colour) with radio-quiet quasars having the higher FIR luminosity. However, this difference could be an effect of the calculation of the mean values as both methods do not return significant excess for the radio-quiet population (small versus large red symbols). To summarize, the mean FIR luminosities of the radioloud and radio-quiet quasars show no significant differences when the two population are split into redshift bins. In contrast, when we divide the two populations into optical luminosity bins (see Fig. 2 right), there is a clear excess of FIR luminosity in lower-luminosity bins for the case of radio-loud quasars (log 10 (Lopt/W) < 38.5; purple colour). The fact that both methods show the same significant excess indicates that the observed differences between the two populations are not a result of the calculation methods. At intermediate optical luminosities (38.5 < log 10 (Lopt/W) < 39.0; blue ), assuming β = 2.0, for dust masses of 10 7 , 10 8 and 10 9 M ⊙ . colour) both of the populations have consistent mean FIR luminosity values. At the highest optical luminosity bin (log 10 (Lopt/W) > 39.0; red colour) we have the same picture as at the highest redshift bin; a possible FIR luminosity excess for the radio-quiet quasars which, however, is not supported by both of the methods.
Dust temperature and mass
Our results reported in Fig. 2 and Tables 3, 5 show that there is a general trend that the radio-loud quasars have lower dust temperature than radio-quiet quasars, at least at lower redshift and optical luminosity bins. This difference reaches ∼ 5 K in some bins. At higher redshift and optical luminosity bins both of the populations have the same mean dust temperatures within their errors.
The mean values of the estimated dust mass based on both calculation methods show that radio-loud quasars have almost a constant mean dust mass over the whole redshift and optical luminosity range. In the case of radio-quiet quasars, the mean dust masses decrease at lower redshift/optical luminosity bins. Comparing the results for the two populations, it seems that radio-loud quasars have higher dust masses at lower luminosity bins while at higher luminosities both of the populations have similar mean values. Dust masses must be interpreted with care as they could be biased by the stacking analysis towards the brightest and hottest objects. The excess in dust mass, in the case of radio-loud quasars which are the class with the lower dust temperature, could be required in order to be detectable at a level that allows a temperature to be fitted.
250-µm luminosity
In this section we present the stacked monochromatic luminosity at 250 µm for both stacking methods and populations as a function of redshift, radio luminosity and optical luminosity (Fig. 3) . The luminosities calculated using the weighted stack method are shown by solid error bars while the luminosities calculated via the Maximum Likelihood method are shown by the dashed error bars. Both methods show a good level of agreement within their 1σ error. The cases with the larger disagreement are those where strong outliers are found within the bin (unusually hot or cold sources in comparison with the rest of the population). Based on these plots, we see that the Maximum Likelihood Temperature method is more sensitive to outliers. We therefore argue that the weighted stacking method is sufficiently accurate to calculate the stacked rest-frame monochromatic luminosity at 250 µm. For clarity, we do not show the stacks generated by the Maximum Likelihood Temperature method in the subsequent sections, although consistency checks were performed throughout the analysis.
As we see in Fig. 3 , 250-µm luminosity is correlated with radio luminosity for both populations. However, the question is whether radio activity induces star formation, leading to FIR emission. Redshift will affect the correlation between the two luminosities so, as a first way to measure the strength of correlation between FIR luminosity and radio luminosity we use partial-correlation analysis (Akritas & Siebert 1996) , which allows us to determine the correlation between the two parameters while accounting for the effects of redshift. For our analysis, we avoid bias against FIR weak sources by adding undetected sources ('censored' sample) to the detected sample. Figure 3 . Correlation between infrared luminosity at 250 µm as a function of redshift (top), radio luminosity (middle) and optical luminosity (bottom). Individual measurements for radio-loud (black stars) and radio-quiet (grey circles) quasars detected at 250 µm at the 3σ level are also included. Dots represent the entire samples. Error bars with solid lines illustrate the stacked luminosities calculated using the weighted method. Luminosities calculated via the Maximum Likelihood method are dashed line error bars. The errors have the same colour as the population that they represent.
from the Penn State Center for Astrostatistics 3 , taking 'censored' data into account as upper limits using the methodology presented in Akritas & Siebert (1996) .
The partial-correlation shows that radio luminosity is significantly correlated with 250-µm luminosity in the case of radio-loud quasars with a partial-correlation of τ = 0.17. The null hypothesis of zero partial correlation is rejected at the 3σ level. In the case of radio-quiet quasars we found that the correlation is not statistically significant with τ = 0.06 and a probability under the null hypothesis p = 0.11. The results are almost the same even when we compare the integrated FIR luminosity to the radio luminosity but even more significant for the case of radio-loud quasars with the null hypothesis of no correlation rejected at higher than the 4σ level. Despite the results found for both the populations as a total, the different trends which we found for low (log 10 (Lopt/W) 38.5) and high (log 10 (Lopt/W) > 38.5) optical luminosities lead us to investigate the correlations also for these sub-samples. In the case of radio-loud quasars, the significant correlation between radio luminosity and 250-µm luminosity remains only for the low optical luminosity bin with τ = 0.12 (p < 0.001; the probability of no correlation) while for the high luminosity bin no significant correlation is found (τ = 0.04 and p ≃ 0.29). In contrast, for radio-quiet quasars no correlation is again found for either low (τ = 0.02 and p ≃ 0.26) or high (τ = 0.03 and p ≃ 0.36) optical luminosity bins. Similar trends are also obtained when we compare the FIR luminosity with the radio luminosity for the two populations at lower and higher optical luminosities. In terms of radio-quiet quasars, all sources with log 10 (L250/W Hz −1 ) 27.0 are associated with optical luminosities above the threshold at which the dichotomy is found. At this level of 250-µm luminosity it seems that all correlations with optical luminosity, radio luminosity and, possibly, also with redshift, tend to disappear. Regarding the correlation between L250 and radio luminosity, a significant number of radio-quiet quasars with log 10 (L250/W Hz −1 ) 27.0 have radio-luminosity higher than 10 24 W/Hz, a limit often used for the distinction between radio-loud and radio-quiet population.
Star-formation rate
For the calculation of the star-formation rate (SFR) the FIR luminosity is required. As we discussed in Section 3.1 the FIR luminosity seems to be more sensitive to temperature dispersion compared to the 250-µm luminosity. In this case, the SFR estimation could be strongly affected by the dust temperature. On the other hand, the rest-frame monochromatic luminosity at 250 µm minimises the dispersion in our calculations and small differences are found, within their errors, between the two methods (weighted and maximum likelihood temperature). In addition, the FIR luminosity, as described using the two-temperature model, could be affected by a strong cold component. However, our results show that both FIR luminosity and L250 are dominated by the warm component. For these reasons we prefer to use the warm dust component as a tracer of the current star formation, whose mass and luminosity are primarily an indicator of the star-formation rate (Dunne et al. 2011; Smith et al. 2012) .
In order to investigate how strongly and in which cases the warm-component FIR luminosity is affected by the temperature, we compare the warm-component 250-µm luminosity to the warmcomponent FIR luminosity as they were estimated using the twotemperature model. For both of the populations we found the same linear correlation, within the errors, between the warm 250-µm and integrated FIR luminosities. The linear regression between the warm 250-µm luminosity and the warm FIR luminosity is found with the ordinary least squares (OLS) bisector (Isobe et al. 1990 ) fit being LFIRRL ∝ 10 0.66±0.01 L250RL; LFIRRQ ∝ 10 0.63±0.03 L250RQ for radio-loud and radio-quiet quasars respectively. The same trends for both of the populations show that as long as we investigate only the differences of SFR between them, the selection of either the L250 or the integrated LFIR as indicators of star formation would not affect our results or, at least, the effect should be the same for both populations.
The calculation of the SFR was performed using the equation by Kennicutt (1998) :
which assumes a Salpeter IMF in the mass range 0.1 − 100 M⊙, continuous starbursts of age 10 -100 Myr, and requires the integrated IR luminosity over the range 8 -1000 µm. Fig. 4 shows the weighted mean star-formation rates, SFR , derived from the warm-component FIR luminosities, as a function of optical luminosity and redshift, for radio-loud and radio-quiet quasars. We split the samples into 4 redshift and 3 optical luminosity bins trying to keep the same number of objects within each bin for each population and determined the SFR as described in Section B. The larger symbols represent the weighted mean SFR in each bin based on the Tc = 15 K and Tw = 35 K temperature fittings. Additionally, a dashed area is used to represent the mean values based on the different temperature pairs within ±5 K of the original temperatures. Taking into account the errors of the original mean values, it seems that the selection of the temperatures would not strongly affect our results as in most of the cases the errors are larger that the estimated differences between the different temperature models. Comparing the SFR for the two populations as a function of redshift, no difference is found. Both radio-loud and radio-quiet quasars seem to have the same SFR within their errors in each bin. Even if we take into consideration any possible combination of different temperature pairs, we would not observe any particular differences. On the other hand, comparing the SFR as a function of optical luminosity, a significant excess is found in the case of radio-loud quasars for log 10 (Lopt/W) 38.5. This difference remains significant even if we assume that the two populations have different dust temperatures. For log 10 (Lopt/W) > 38.5 both populations tend to have the same star-formation rate within their errors. Another interesting point is the presence of a possible break at log 10 (Lopt/W) ∼ 38.5 in the case of radio-loud quasars while radio-quiet quasars' data points could be easily described by a linear function.
DISCUSSION
The results of the previous sections show that radio-loud quasars tend to have different FIR properties from a matched sample in redshift and optical luminosity of radio-quiet quasars. These differences lead to an excess of star-formation for the radio-loud population but are only significant in the case of low optical luminosity radio-loud and radio-quiet quasars.
Studying the FIR properties of an AGN population is usually a difficult task as possible contamination could affect the results. However, in this paper, we are mainly interested in studying the differences between the two populations instead of examining the exact properties for each one. In the case of our sample there are two main sources of contamination a) the warm dusty torus emission and b) the synchrotron emission of the powerful jets and lobes in the case of radio-loud quasars. In order to overcome these problems we followed two methods, one for each case. We try to remove the problem of the warm dusty torus emission by matching our populations in redshift and optical luminosity. In this way, although we expect that FIR emission is largely uncontaminated by the AGN (e.g Haas et al. 2003; Hatziminaoglou et al. 2010) , any possible contamination would be the same for both populations. Different evolutionary models for the two populations could be also a possibility for different AGN contamination in the case of more evolved AGN, in which the BH gets closer to its final mass. However, this could not affect our results as optical luminosity is a good tracer of the median accretion rate onto the central black hole and the Eddington ratio distribution is expected to be similar for the two populations at least at lower redshifts (z < 2.0) and/or optical luminosity (e.g. Shankar et al. 2010 ) with both types of quasars being likely powered by similar physical mechanisms. For the case of synchotron contamination, we estimated an upper limit on the possible contamination at FIR bands (see Appendix A). Based on these estimations, we either rejected contaminated objects from our sample or subtracted the synchrotron emission. Using these methods we consider our results to be unaffected by possible synchrotron contamination effects.
Star-formation excess
Although the initial formation mechanisms of supermassive black holes remain largely unknown, the notion of seed black holes that form primordially and grow into a distribution of black hole masses has been around for four decades (e.g. Carr & Hawking 1974; Silk & Rees 1998 ). The mass distribution would necessarily be governed, at least partially, by the density of the surrounding gas; the most massive black holes would then form in regions of the highest gas density, and it will be in these sites where we observe high-redshift radio galaxies and radio-loud quasars. The highly relativistic, supersonic jets that power into the surrounding medium are able to trigger star formation along cocoons surrounding the jets (e.g. Bicknell et al. 2000; Fragile et al. 2004 ). This model provides the means of orchestrating star formation over tens of kiloparsecs on light crossing timescales. This process has been invoked to explain the radio-optical alignment effect at high redshift (Rees 1989 ). More recent, Drouart et al. (2014) suggested that radio galaxies have higher mean specific star formation rates (sSFR) than typical star-forming galaxies with the same black hole mass at least at higher redshifts, z 2.5.
Here we explore the link between radio AGN emission and star formation. Assuming that FIR luminosity is a good tracer of star formation, our results show a strong positive correlation between radio and FIR luminosity, independent of redshift, for radioloud quasars (see Section 3.4). In contrast, no such correlation was found for radio-quiet quasars. Our results support the idea of a strong alignment between dust and jets from supermassive black holes. Powerful radio jets may increase the star-formation activity by compressing the intergalactic medium (e.g. Silk & Nusser 2010) , resulting in the observed star-formation excess we found for the radio-loud quasars.
However, our results are not uniform over all the optical luminosity range of our sample. Radio-loud quasars seem to have higher star-formation rates (and FIR luminosities) than radio-quiet quasars only at lower optical luminosities. Specifically, we find that star-formation shows a possible break around to log 10 (Lopt/W) ≈ 38.5 in the case of radio-loud quasars. For lower optical luminosities, radio-loud quasars have higher star-formation than radio-quiet, while for higher optical luminosities both populations tend to have comparable SFR within their errors. The same results were found no matter which method we used to estimate the FIR luminosity. This difference between the two populations could be an effect either of redshift or of AGN activity, as the optical luminosity is affected by both of these parameters. However, both populations seem to have the same FIR luminosity distribution over all redshifts within their errors. As the star-formation excess is not observed in the case of redshift distribution we deduce that the AGN activity is the main reason of this difference. Although we have found no strong evidence of star-formation suppression due to the radio activity at any redshift there are some hints like the decrease of the mean FIR flux densities at higher redshift in the case of radio-loud quasars (see Table 1 ). A possible suppression of the star-formation due to the radio-jet activity would be in agreement with a model of short-lived episodes of radio-loud states in the life of all AGN. These events are associated with the active nucleus and AGN feedback.
The physical mechanisms responsible for triggering the active AGN phase are still debated. Indeed, it is still poorly understood whether the AGN activity impacts star formation or vice versa. Negative AGN feedback, where the AGN emission is believed to be responsible for gas heating, is necessary in order to explain the strong suppression of star formation especially in the most massive galaxies (e.g. Croton et al. 2006; Hopkins et al. 2010) . The feedback process becomes more complicated in the case of powerful radio sources where there are results that suggest a positive feedback due to the jets inducing star formation in the host galaxy (e.g. Elbaz et al. 2009 ). These two mechanisms could be the possible explanation for the star-formation difference between the two populations and the minimum observed in the case of radio-loud quasars.
We found that the SFR as a function of optical luminosity shows a bi-modality for log 10 (Lopt/W) 38.5 with the radioloud quasars covering the upper level. If this bi-modality could be explained by the presence or absence of powerful radio jets, what could explain the same level of star formation for both populations at log 10 (Lopt/W) > 38.5? As we move to higher optical luminosities, the AGN luminosity increases as a result the direct effect of the radiation from the AGN on the host galaxy ISM. In this case, the feedback is predominantly negative, though occasional positive feedback may occur in the form of jet-induced star formation. As the jets cannot now play the critical role they did at lower luminosities both of the populations have the same star-formation trend. These results are in agreement with our previous work in radio-loud and radio-quiet quasars (Kalfountzou et al. 2012 ).
Host galaxy and dust properties
Based on diverse studies of several samples, it can be said that radio-loud quasars are associated with luminous elliptical galaxies while radio-quiet quasars are usually found in both elliptical and spiral hosts, depending on the optical luminosity threshold. Generally, it has been proposed that the nuclear luminosity is related to the morphology of the host, but AGN more luminous than a certain luminosity limit can only be hosted by massive spheroidals (e.g. McLure et al. 1999; Dunlop et al. 2003) . Based on this assumption, our results for different dust temperature could have their origin in the different hosts of radio-loud and radio-quiet quasars.
In the case of the single-temperature model, we found that radio-loud quasars tend to have lower dust temperatures, at least for lower redshifts and/or lower optical luminosities. Low temperatures are associated with the old stellar population of elliptical galaxies. This fact is in agreement with the previously mentioned studies regarding the hosts of radio-loud and radio-quiet quasars. On the other hand, the low dust temperature could be associated with a strong cold component described by the two-temperature grey-body model. Dust temperatures of 10-15 K would imply dust masses of up to 10 10 M⊙, quite unrealistic for the case of elliptical hosts and generally for quasars' hosts where the expected range of dust mass is 10 7 −10 9 M⊙. In our sample, despite the low temperatures just a few sources are found to have M dust > 10 9 M⊙, which is not unexpected as most of them have FIR fluxes even lower than the 2σ detection limit. Moreover, based on the single-temperature model, we found that both the populations tend to have statistically indistinguishable dust masses.
An additional point which could play a significant role in the observed differences would be the gas supply in the host galaxies of radio-loud and radio-quiet quasars. The gas content is the fundamental ingredient driving star formation in galaxies. Additionally, AGNs are preferentially hosted by gas rich galaxies (e.g. Silverman et al. 2009; Vito et al. 2014) which is not surprising since gas accretion onto SMBH is the process at the origin of nuclear activity. Given the dependency of both SFR and AGN on the gas content, the enhanced star formation in AGN galaxies appears to be primarily the result of a larger gas content, with respect to the bulk of the galaxy population at similar stellar masses (e.g. Rosario et al. 2012; Santini et al. 2012) . Many semi-analytic models and direct observations suggest that the gas fractions in galaxies grow at lower stellar masses and, at fixed mass, increase at earlier cosmic epochs. In the local Universe, low mass galaxies are generally gas-rich and actively star-forming, while the highest mass galaxies are almost always gas-poor and have very little ongoing star formation. This is probably why optical AGN with the highest values of L/L Edd tend to occur in galaxies with the smallest bulges and black holes (Heckman et al 2004) . Assuming Gaussian quasar Eddington ratio distributions at all epochs, then the optical luminosity which is used as an AGN activity tracer would map into BH mass and thus on galaxy mass. In this case, radio-loud quasars with lower optical luminosities should, on average, be associated with lower mass and gas-rich galaxies (see Figure 2 , right panel) for which the effects of a jet-driven star-formation rate may be more evident. On the other hand, the fact that no SFR difference is detected between the two populations at higher redshifts or at higher optical luminosities, when gas fractions should grow, could imply that both populations evolve in gas fractions at the same rate.
In order to explain these possible temperature differences we have to take into account that the integrated dust temperature depends also on the dust distribution throughout the galaxy. Previous studies (e.g. Goudfrooij & de Jong 1995; Leeuw et al. 2004) investigating the origin of dust in elliptical galaxies proposed the presence of various components. Similarly, we used a twocomponent model to describe the FIR properties of our sample, a warm dust component (Tw = 35 K) and a cold one (Tc = 15 K). Goudfrooij & de Jong (1995) proposed the presence of at least two sources of the observed interstellar matter (ISM) in elliptical galaxies, mass-losing giant stars within the galaxy and galaxy interactions. Minor mergers and/or accretion of material from nearby companions could possible explain the presence of the warm and cold components. Such an assumption of an external origin for the ISM in the early-type galaxies leads to a strong link with the environment of quasars. Falder et al. (2010) showed that radio-loud AGN appear to be found in denser environments than their radioquiet counterparts at z ∼ 1. These environments represent ideal candidates for galaxy-galaxy interactions. In this case, the cold dust properties in radio-loud quasars could have an external origin.
CONCLUSIONS
In this paper we have studied the far-infrared properties and the star-formation of matched samples of radio-loud and radio-quiet quasars. The main result of our study is that radio-loud quasars have higher star-formation rates than radio-quiet quasars at low optical luminosities. This result is in agreement with our previous work (Kalfountzou et al. 2012) where the [O II] emission was used as a tracer of the star-formation.
Additionally, we have found a strong correlation between jet activity and the star-formation, controlling the effect of redshift, in the case of radio-loud quasars and especially at low optical luminosities and redshifts. This correlation supports the idea of the jet-induced star-formation.
The possible differences we found between the two populations regarding the dust mass and dust temperature could explain the differences in star-formation rate, but they also point the way forwards further investigation of the evolution of their host galaxies and their environment and their correlation with AGN activity.
APPENDIX A: SYNCHROTRON CONTAMINATION
The far-infrared luminosity is used as a measure of the radiation from dust, which may be heated by star-formation and/or the central quasar nucleus. However, since the radio-loud sample includes high radio flux density sources, it is possible that the far-infrared flux densities we measure may be subject to contamination from synchrotron emission not associated with star formation. The spectra of powerful radio-loud AGN are in some cases entirely dominated by synchrotron emission from the jets at all wavelengths. Radio spectra have been compiled for each radio-loud source, with the aim of subtracting the radio contribution to the FIR emission.
All of the radio-loud quasars in our sample have a detected counterpart in FIRST within a search radius of 5 arcsec. In order to estimate their spectral index we also cross-matched our sample to the Giant Metrewave Radio Telescope (GMRT) catalogue of Mauch et al. (2013) , who have coverage of the H-ATLAS 9
h , 12 h and 14.5 h areas at 325 MHz, using a simple positional crossmatching with a maximum of 5 arcsec. Despite the incomplete sky coverage and variable sensitivity of the GMRT survey, a total of 71/141 sources are found to have 325 MHz counterparts. For the matched objects, we can measure their spectral index assuming a power law and then use their mean spectral index for the rest of the population.
In Fig. A1 we present a sample of the spectral energy distributions (SEDs) of the radio-loud quasars using the available radio and FIR fluxes. The data include the Herschel and the VLA (FIRST catalogue; Becker et al. 1995) observations presented in Section 2 and the 325 MHz radio fluxes taken from the GMRT catalogue. Using the extrapolation of the radio fluxes (dashed black line) we attempt to subtract the synchrotron contamination of the FIR fluxes. The subtracted FIR flux densities are fitted with the grey-body model once again (red dashed line) to produce a new estimation of the free parameters.
In the cases where the subtracted FIR fluxes do not fall close to the original FIR flux densities (within the errors) for more than two FIR bands, the parameters of the new grey-body fitting have changed significantly within the errors from the original ones. In these cases we have found that synchrotron emission strongly affects the FIR flux densities and the FIR luminosity and the sources are rejected from our sample. Specifically, we have divided our sample into 3 categories a) sources where the extrapolation of the radio fluxes massively overestimates the synchrotron contamination (Fig. A1a) , b) sources where the synchrotron emission strongly affects the FIR flux densities (Fig. A1b) and sources where the synchrotron contamination is weak and the FIR flux densities are not affected at all (Fig. A1c) .
From our sample of the 71 radio-loud quasars with both FIRST and GMRT radio detections we found 9 sources belong to the (a) category. The examples of two of these sources are presented in Fig. A1a . It is obvious that the straight-line extrapolation of the low-frequency radio emission massively overestimates the synchrotron contamination at the FIR bands;for these sources radio data at higher frequencies would be required in order to describe accurate radio spectra. Due to the lack of high-frequency radio data we had to reject these 10 sources from our sample in order to ensure that the synchrotron emission does not affect the star formation estimation in the radio-loud population. We should mention that only one of these sources has FIR detections at the 3σ level.
In the second (b) category we have classified the 10 sources with strong synchrotron contamination. Examples of two of these sources are presented in Fig. A1b and they show that all the FIR flux densities appear to be seriously contaminated with non-thermal synchrotron. Although we expect the radio spectra to appear curve at higher frequencies and have less effect on the higher-frequency FIR bands (e.g. PACS bands) it seems that the 500-µm and 350-µm detections are likely to be seriously synchrotron contaminated. In order to classify a source as seriously contaminated we compare the results of the grey-body fitting using the original FIR flux densities (black stars) and the FIR flux densities corrected for synchrotron contamination (red stars). As the examples show in Fig. A1b , the grey-body fitting after correction for synchrotron contamination (red dashed line) is significantly different from the original one (black solid line) implying that the parameters estimated using the original grey-body fitting are strongly affected by the synchrotron emission. These 10 sources have been rejected from our sample due to their probably serious contamination from non-thermal synchrotron emission.
In the third (c) category we have classified the remaining 52 sources out of the 71 with both FIRST and GMRT radio detections. The examples of two of these sources are presented in Fig. A1c . In this class are sources with weak (not significant) synchrotron contamination. As the examples show in Fig. A1c , the FIR flux densities after correction for synchrotron contamination (red stars) are within the 1σ errors of the original FIR flux densities (black stars) and as a result the estimated parameters from the grey-body fittings (black solid line and red dashed line) using the corrected and the original FIR flux densities are within their errors. All 52 sources with similar SEDs to the examples in Fig. A1c are retained in our sample.
Overall, we have found 21 objects of our detected at 325 MHz sample where the synchrotron contamination strongly affects the estimates of the grey-body fitting, indicating that these objects have the potential for contamination by their synchrotron components. These sources are rejected from further study. For the rest of the sources which are detected at 325 MHz, we are able to subtract the synchrotron contamination and fit a new grey-body model using the subtracted fluxes.
Among the rest 70/141 sources that are undetected in the GMRT data, there are 8 sources with available radio data in the literarure (Griffith et al. 1995; Douglas et al. 1996; Cohen et al. 2007; Healey et al. 2007; Mason et al. 2009 ) which are used in order to estimate the spectral indiced. One of them shows significant synchrotron contamination and has been removed from the sample. For the other 62 undetected in the GMRT data we conservatively used α = −0.4, the minimum value observed in the GMRTdetected sources, to estimate the maximum possible synchrotron contamination. The main characteristic of the sample undetected by GMRT is the faint radio emission at 1.4 GHz, compared to the rest of the radio-loud quasars. The main bulk of these sources has S1.4GHz < 10 mJy while, the mean value of this sample is S1.4GHz = 5.79 ± 0.81 mJy. Due to their faint radio emission, we do not expect for most of them strong contamination. We found that 26 sources show possible synchrotron contamination and they have been removed them from our sample. Finally, our sample consists of 93 radio-loud quasars.
In order to investigate whether there are any particular trends for the sources detected by Herschel, we investigated the level of synchrotron contribution in those sources. Due to the limited number of detected radio-loud quasars, we used as a detection limit the 3σ level at 250 µm. We found 26 objects with an available GMRT detection out of the 46 radio-loud quasars with a 3σ detection at 250 µm and as a result, estimated spectral index. In this case, we find a consistent spectral index; α = 0.66 ± 0.08.
A final method of investigating the synchrotron contamination level is to study the level of core emission. A reasonable estimation of the level of compact emission can be derived from the comparison of the NVSS and FIRST fluxes, investigating whether the quasar radio fluxes are underestimated due to the FIRST survey resolving out extended flux. The cross-match with the NVSS catalogue gave us a total of 90 matches within a 5 arcsec radius. Among these there are 58 sources with a GMRT detection. Comparing the NVSS -FIRST fluxes we found a fraction of 7.0 ± 1.7 per cent excess in their NVSS fluxes. No significant differences were found even when we compared the NVSS -FIRST emission for the subsamples that are detected and undetected with GMRT. Such a small fraction shows there is no evidence that either the FIRST fluxes or the estimated spectral indices of the sources are underestimated. On the other hand, the low level of extended emission shows that the radio sources are fairly compact and a flatter radio spectrum would be expected. However, a comparison of the spectral index with the NVSS shows no particular trend.
Overall, we have found that out of the 141 objects in our radioloud quasar sample, 21 radio-loud quasars have significant nonthermal contamination in their FIR emission while an additional sample of 27 sources possible has strong contamination using an upper limit for their radio spectral index. These objects have been rejected from our sample. We emphasize that this is a conservative estimate, given that the steep-spectrum synchrotron component is likely to fall more quick than the fitted power-law at higher frequencies due to spectral aging of the electron population. Therefore, our fitting extrapolation is likely to provide an overestimate of the synchrotron contamination at FIR wavelengths in our sample, especially in the cases of power-law fitting. Radio data at higher frequencies would give us a clearer view of the possibility of a flat, core dominated spectrum in this frequency range, although our analysis does not support the presence of a flat spectrum at shorter wavelengths.
APPENDIX B: TWO-TEMPERATURE MODEL
The estimation of the dust mass has been made based on the measured temperature of the grey-body model. Comparing our results with those of Dunne et al. (2011) for Herschel-detected z < 0.5 galaxies, we see that the isothermal dust temperatures we measure span the same range. Taking into account the fact that we use a β = 2.0 emissivity index, our dust mass measurements should increase by 30 − 50 per cent from those of Dunne et al. (2011) with the same temperature. Indeed, for a mean temperature of 20 − 25 K our population is found to have ∼ 10 8.0 M⊙ . One question is if the estimated isothermal dust mass can be biased low, as the dust exists at a range of temperatures in galaxies, while the mass we have estimated is that of the dust close to the source of heating (star-forming regions) which warm it enough to emit at FIR wavelengths. Another important question is whether the presence of a cold component could explain the differences we found for the two populations regarding their dust temperatures and dust masses.
To investigate this we use a model which requires two components of dust. The two required components consist of cold dust with Tc ∼ 10 − 25 K and warmer dust with Tw ∼ 25 − 60 K. The cold component is associated with the old stellar population and the warm one with the current star formation. The luminosity of the warm component is primarily the indicator of the star-formation rate. Previous studies preferred to use two fixed temperatures (a cold and a warm one) in order to fit the two-temperature model. However, the correct choice of the fixed temperatures would be difficult as our single-temperature results show that the two populations (radio-loud and radio-quiet quasars) may have different dust temperatures. In order to overcome this problem of the possible different temperatures between the two populations, we fit a twotemperature model for several different temperature pairs within ±5 K of our initial chosen fixed temperatures, Tc = 15 K and Tw = 35 K.
Using each possible pair of cold and warm component temperatures we estimate the FIR luminosities and the dust mass for each component. For the two-component model the FIR luminosity is:
where Nw and Nc are the relative contribution due to the warm and cold dust components. The dust mass is computed from the sum of the masses in the two temperature components (Vlahakis et al. 2005) :
Nw Bν 
where κ250 = 0.89 m 2 kg −1 is the dust mass absorption coefficient and Bν is the two-temperature modified Planck function.
In the cases where the objects are well described by a single temperature for the warm component that is significantly different from Tw = 35 K the two-temperature model with fixed temperatures fit less well. However, we have found a good correlation between the FIR luminosities of the two fitting models. In contrast, the estimated dust masses show less good agreement with higher scatter. This suggests that, at least for this sample, the estimation of the FIR luminosity is not strongly affected by the fitting model, while the dust mass must be interpreted with a little more care. Comparing the contamination of the cold component to the total FIR and 250 µm luminosities we found that in both populations the warm component dominated the overall luminosity at a higher level than 70 per cent. This result shows that any differences found should not be a result of a strong cold component in any of the two populations. This paper has been typeset from a T E X/ L A T E X file prepared by the author.
